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Abstract
The discovery of enhanced superconductivity (SC) in FeSe films grown on SrTiO3
(FeSe/STO) has revitalized the field of Fe-based superconductors1–5. In the ultrathin
limit, the superconducting transition temperature Tc is increased by almost an order
of magnitude, raising new questions on the pairing mechanism. As in other uncon-
ventional superconductors, antiferromagnetic spin fluctuations have been proposed
as a candidate to mediate SC in this system2,6–11. Thus, it is essential to study the
evolution of the spin dynamics of FeSe in the ultrathin limit to elucidate their relation-
ship with superconductivity. Here, we investigate and compare the spin excitations
in bulk and monolayer FeSe grown on STO using high-resolution resonant inelastic
x-ray scattering (RIXS) and quantum Monte Carlo (QMC) calculations. Despite the
absence of long-range magnetic order, bulk FeSe displays dispersive magnetic excita-
tions reminiscent of other Fe-pnictides. Conversely, the spin excitations in FeSe/STO
are gapped, dispersionless, and significantly hardened relative to the bulk counter-
part. By comparing our RIXS results with simulations of a bilayer Hubbard model,
we connect the evolution of the spin excitations to the Fermiology of the two sys-
tems. The present study reveals a remarkable reconfiguration of spin excitations in
FeSe/STO, which is essential to understand the role of spin fluctuations in the pairing
mechanism.
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Iron selenide (FeSe) occupies a somewhat unique place among Fe-based superconductors.
It has the simplest structure, consisting of a square Fe lattice with Se ions situated above and
below it, as depicted in Fig. 1a. It is superconducting with Tc ∼ 8 K and has a structural
transition Ts ∼ 90 K12–14. The Fermi surface of bulk FeSe is composed of cylindrical hole
pockets at the Γ point and elliptical electron pockets at the M point (see Fig. 1c; here,
a Brillouin zone with two Fe sites per unit cell has been adopted). The Fermi surface of
FeSe/STO, on the other hand, is composed solely of circular electron pockets at the M
point1,2,15, while the hole pockets at the Γ point are pushed below the Fermi level (Fig. 1d).
These observations are consistent with an electron doping of ∼ 0.1/Fe, as extracted from
the Luttinger count1,2,15, suggesting that STO acts as an electron donor for monolayer FeSe.
Simultaneous Ne´el- and stripe-like fluctuations have been observed in bulk FeSe at q =
(1, 0) and (1, 1) (reciprocal lattice units, r.l.u.), despite the lack of long-range antiferromag-
netic order. These observations signal the presence of significant magnetic frustration that
ultimately precludes any long-range order14. From an experimental perspective, the inves-
tigation of spin excitations in FeSe/STO is complicated by the limited volume contributing
to the magnetic scattering signal. Inelastic neutron scattering (INS) is currently unable to
probe single atomic layers, and other light scattering techniques, such as Raman and optical
spectroscopy, cannot disentangle the signals from the substrate, the FeSe layer, and the
interface between the two. On this front, recent advances in Resonant Inelastic X-ray Scat-
tering (RIXS) have allowed the detection of spin excitations in Fe-based superconductors,
producing complementary information to INS16–24. The signal enhancement and sensitivity
to electronic excitations that is afforded by resonant photoexcitation render RIXS a prime
technique for investigating ultrathin materials. Additionally, the elemental selectivity of
RIXS enables one to isolate the signal from specific atoms and disentangle the contributions
from the film and the substrate. These aspects make RIXS an ideal technique for studying
magnetic excitations in FeSe/STO.
Here, we combine high-energy-resolution RIXS measurements and quantum Monte Carlo
calculations within the dynamical cluster approximation (DCA) to elucidate the spin dy-
namics of bulk FeSe and FeSe/STO films down to the single unit cell limit. We find that
the magnetic excitations in FeSe/STO are gapped and dispersionless in momentum space,
and harden significantly relative to other Fe-based superconductors. These observations
are in stark contrast with the spin excitations of bulk FeSe, which exhibit an acoustic-like
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dispersion toward the zone center, similarly to other antiferromagnetic systems12. The evo-
lution of the spin excitations is captured by DCA calculations of a bilayer Hubbard model25,
which accounts for the transition from a two-band system into an incipient band system
(see Methods). Correspondingly, we establish that the reconfiguration of the spin excita-
tions from bulk to monolayer FeSe originates from the Lifshitz transition of the Fermi surface
and accompanying loss of the hole pocket at the Γ point. This transition quenches particle-
hole scattering processes, flattens and gaps out their dispersion, and increases their energy
bandwidth, in agreement with the experimental observations.
Figures 2a and 2b summarize the Fe L-edge X-ray Absorption Spectroscopy (XAS) data
for bulk FeSe (FeSe hereafter) and monolayer FeSe (FeSe/STO hereafter), respectively. The
XAS of FeSe resembles the spectra previously obtained from cleaved Fe pnictides crystals
with Fe in a 2+ oxidation state and embedded in a metal environment16,17,19,21,22. The
XAS of FeSe/STO has an additional peak at higher energy, which could originate from
new interfacial valence states induced by hybridization with orbitals of the STO substrate.
The arrows in Figs. 2a,b specify the incident photon energies at which RIXS spectra were
collected.
Figures 2c and 2d show the corresponding high-resolution and high-statistics RIXS data
on FeSe and monolayer FeSe/STO, respectively. In the bulk case, we detect a dispersive
excitation at an energy of ∼ 140 meV at q = (0.36, 0) r.l.u., which gradually decreases in
energy toward the zone center until it merges into the elastic line. This mode is reminiscent
of what observed in INS experiments14 and can be ascribed to spin excitations as previously
shown in Ref. [20]. A word of caution should be given, however, as FeSe lacks long-range
antiferromagnetism and instead exhibits Ne´el- and stripe-type fluctuations14. As such, a di-
rect comparison between the excitations measured by INS and RIXS is not straightforward
since the Γ point is not equivalent to M or X in the absence of Brillouin zone folding. Nev-
ertheless, the excitations of FeSe closely resemble those observed in BaFe2As2
20, suggesting
that spin fluctuations are of similar nature in these two compounds in proximity of the Γ
point and across the portion of Brillouin zone accessible to RIXS.
We observe significant differences in the RIXS spectra collected on the FeSe monolayer.
At zero energy loss we detect a strong elastic signal that likely reflects the overall diffuse
scattering from the capping layer, the FeSe film, and the STO substrate. Despite this
strong elastic background, we are able to identify inelastic peaks owing to the high energy
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resolution of the instrument (∼ 40 meV). In particular, we observe a broad peak located at
∼ 320 meV at q = (0.36, 0) r.l.u., whose energy linewidth is significantly greater than the
excitations detected in the bulk case. This peak is largely asymmetric – similar to bulk FeSe
– but its tail extends to energies as high as 1 eV, much higher than the bulk counterpart.
Furthermore, this mode barely disperses as a function of momentum and has an energy of
∼ 320 − 400 meV along the (H, 0) and (H,H) directions, as reported in Fig. 2d and 3.
Thanks to resonant photoexcitation at the Fe-L edge, we can identify the FeSe layer as the
host of this excitation. This interpretation is further supported by the dependence of the
RIXS signal on the incident photon energy across the resonance (see Supp. Inf.). The ability
to make this assignment is essential to disentangle excitations originating from the film, the
substrate or the interface.
The evolution of the spin excitations from FeSe bulk to monolayer is significant and cannot
be compared nor ascribed to any doping effects previously observed in related materials. For
example, the spin excitations of BaFe2As2 evolve differently depending on the doping type:
in the case of hole doping (K-), the spin excitations gradually soften upon doping16,26, while
electron doping (Co/Ni-) leaves the high-energy spin excitations more or less unaffected26–28.
The case of isovalent doping (P-), where the spin excitations harden gradually21,29, is also
interesting. Nonetheless, the doping-induced changes observed in these systems are minor
compared to the effect observed here. The hardening of spin excitations measured in P-doped
BaFe2As2 – so far the largest reported in the literature – is much smaller (40 meV) than
what we observe in FeSe. Most importantly, a clear dispersion is found in these compounds
at all doping levels, contrary to the flat momentum dependence in the FeSe monolayer.
The principal difference between FeSe and FeSe/STO is in their band structure and
Fermi surface topology. To explore the impact of these differences on the spin excitations,
we calculated the single-particle spectral function A(k, E) and dynamical spin susceptibility
χ′′(q, ω) of the bilayer Hubbard model using the dynamical cluster approximation (DCA) and
a nonperturbative quantum Monte Carlo solver (see Methods). The bilayer Hubbard model
is the simplest model with an electronic structure similar to the Fe-based superconductors
that can be studied with QMC while maintaining a manageable sign problem. By varying
the value of the nearest-neighbour interlayer hopping t⊥, the electronic structure of the
model can be tuned from a system with both hole- and electron-like bands crossing the
Fermi level (Fig. 3a) to one with a single electron-like band crossing the Fermi level and an
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incipient hole band (Fig. 3b). The model can, therefore, capture the qualitative features of
the band structure of bulk and monolayer FeSe. In Fig. 3a, we report the spectral function
for the two-band model, where we observe a hole-like band crossing the Fermi level close
to the Γ point and an electron-like band intersecting the Fermi level in proximity of the M
point. This band structure leads to a double pocket Fermi surface as sketched in Fig. 1c.
In the case of the incipient band model, shown in Fig. 3b, the hole band at the Γ point is
pushed to lower energies, moving below the Fermi level and removing the hole pocket at the
Γ point. The resulting Fermi surface is composed only of a circular electron pocket at the
M point, as sketched in Fig. 1d.
Figures 3c-f display the calculated imaginary part of the spin susceptibility χ′′(q, ω)
spectra for two values of t⊥, corresponding to bulk and FeSe/STO. In our model, two
components of χ′′(q, ω) are extracted with intra- (q⊥ = 0) and interband (q⊥ = pi) character,
which can be isolated from one another by choosing the appropriate value of q⊥. Figures 3c-f
report the intra- and interband channels in the middle and bottom rows, respectively. In
the case of the two band model with two ambipolar Fermi pockets, we obtain a strongly
dispersing χ′′(q, ω) (see Fig. 3c,e), whose main two components – arising from intraband
and interband scattering – are dispersing out-of-phase in momentum space. Specifically, the
intraband component has a minimum at the Γ point and increases in energy towards its
maximum at (0.5, 0) and (0.5, 0.5) while the interband component displays two minima at
(0.5, 0) and (0.5, 0.5) and a maximum at (0, 0). An analysis of the spectral intensity reveals
that the interband component is four to five times larger than the intraband one.
Upon increasing t⊥, the hole-like band is made incipient. The interband component of
the resulting χ′′(q, ω) is much less dispersive and becomes gapped throughout the entire
Brillouin zone, in close agreement with the experimental findings (see Fig. 3f). The out-
of-phase dispersion of the intra- and interband χ′′(q, ω) is also preserved for the incipient
band condition. The calculation additionally captures the broadening of the peaks in the
incipient band case compared to the two-band model.
Figures 3c-f additionally summarize our results by comparing the calculated inter- and
intra-band χ′′(q, ω) as a false color image, with experimental peak positions overlaid. Here,
the results are shown for both bulk (white circles) and monolayer (white diamonds) FeSe
(a more detailed description of the extraction of the experimental data points is given in
the Supp. Inf.). We have assumed t = 90 (160) meV for the bulk (incipient) case when
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converting the DCA energy scale to physical units, which produces the best agreement
with the experimental data. The use of different factors for the two cases is supported by
recent DMFT+LDA calculations, which indicate that bulk FeSe is more correlated than the
FeSe/STO30 (this conclusion is also consistent with our observation of much sharper spectral
functions in the incipient band case, see Fig. 3a,b). Based on this, it is natural to adopt a
larger t for the monolayer case while holding the value of U fixed.
The experimental dispersions in bulk FeSe appear to be in better agreement with the
intraband χ′′(q, ω) (Fig. 3c,d) rather than the interband component (Fig. 3e,f). The inten-
sity of the interband χ′′(q, ω) is higher than the intraband χ′′(q, ω) and one might expect
that the RIXS signal scales proportionally. However, matrix elements of the RIXS cross
section have not been included in the model, which makes a qualitative comparison the only
viable option (including Fe-L edge matrix elements would require a momentum-resolved full
multi-orbital Fe calculation, which is currently not possible due to the severe Fermion sign
problem induced by Hund’s coupling). In any case, from a phenomenological perspective,
the agreement with the intraband χ′′(q, ω) is good and future calculations including orbital
orientation and polarization effects could offer a more quantitative description of the RIXS
cross section. In Figs. 3d,f, we report the calculations obtained for the incipient band model
(tailored for FeSe/STO), where the agreement between theory and experiments is better for
the interband χ′′(q, ω). In this case, the interband χ′′(q, ω) is flattened by the lack of the
hole pocket and a hardening of the dispersion is reproduced by the theory. These changes
are a direct consequence of the fact that intraband scattering is strongly suppressed at low-
energies once the hole pocket is shifted below the Fermi level. This hardening and flattening
of the electronic excitations is clearly observed in the experimental data for FeSe/STO as
corroborated by the diamonds overlaid with the color plot. The interband χ′′(q, ω) also
has the largest intensity compared to the intraband χ′′(q, ω), and is, therefore, expected to
dominate the RIXS signal when neglecting cross section effects.
Our findings have implications for the enhancement of SC in FeSe/STO. In Eliashberg-
and fluctuation exchange-type models (FLEX), χ′′(q, ω) enters directly into the equation
to calculate Tc
9,25. The significant evolution in χ′′(q, ω) revealed by RIXS data suggests a
sizable change in this section of the equation, highlighting the importance of spin excitations
for a complete explanation and description of SC in FeSe/STO. Moreover, any quantitative
model for the spin fluctuation contribution to pairing must also account for the observed
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evolution of the spin dynamics. As such, the evolution of the spin dynamics from FeSe
to FeSe/STO represents an essential clue to a magnetic-like pairing scenario, which was
previously proposed for other Fe pnictides6,9,12. The present results do not, however, rule out
additional interactions such as phonons or doping from the substrate, which can contribute
to the enhancement of Tc
31,32.
In summary, we report a combined experimental and theoretical investigation of the spin
dynamics in bulk FeSe and single-unit-cell FeSe/STO, uncovering a dramatic evolution of
magnetic excitations from the bulk to the monolayer limit. In bulk FeSe, we observed
dispersive spin excitations that are reminiscent of other Fe-based superconductors. These
modes become significantly more energetic and less dispersive in the ultrathin limit of the
FeSe/STO film. Quantum Monte Carlo calculations of the bilayer Hubbard model reveal
that this reconfiguration of spin dynamics is a direct consequence of the suppression of the
interband scattering once the hole pocket is removed from the Fermi level. These findings
suggest a fundamental link between the Fermiology of FeSe superconductors and their spin
dynamics up to a very high energy scale. The direct experimental insights of the present
RIXS study underscore the role of spin excitations for unconventional SC in FeSe, and
provide an empirical benchmark for theoretical models of SC in FeSe/STO.
I. METHODS
Sample preparation
Monolayer FeSe on STO — Monolayer of FeSe was grown on Nb-doped (0.5% wt.)
(001)-oriented SrTiO3 substrate. The substrate was etched following the method described
in Ref. [33]. In the growth chamber, which has a base pressure of 6 × 10−10 mbar, the
substrate was heated to 800◦C for 45 minutes with Se flux. Single-layer FeSe films were
grown at ∼ 500◦C by coevaporation of Se and Fe with a flux ratio of 20 : 1. After growth,
the films were annealed at 550◦C in vacuum for 2 hours. The FeSe/STO was characterized
by ARPES and the superconducting gap was determined to be ∼ 13.4 meV or Tc ∼ 60− 65
K. A ∼ 25 nm thick layer of amorphous Se was added for protection at room temperature.
FeSe bulk — Bulk FeSe single crystals were grown under a permanent gradient of tem-
perature (∼ 400−330◦C) in the KCl-AlCl3 flux, as reported in Ref. [14]. The Tc of the bulk
FeSe sample is ∼ 8 K.
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High energy resolution RIXS measurements on FeSe bulk and FeSe/STO — High-
resolution RIXS experiments were performed at the I21-RIXS beamline at Diamond Light
Source, United Kingdom. FeSe bulk was cleaved in vacuum. All samples were aligned with
the surface normal (001) lying in the scattering plane. X-ray absorption was measured using
the total electron yield (TEY) method by recording the drain current from the samples.
For RIXS measurements, pi polarized light was used. The combined energy resolution was
about 40 meV (FWHM) at the Fe L3 edge (∼ 710.5 eV). To enhance the RIXS throughput,
a parabolic mirror has been installed in the main vacuum chamber. The RIXS spectrometer
was positioned at a fixed scattering angle of 154 degrees resulting in a maximal total mo-
mentum transfer value Q of ∼ 0.7 A˚−1. The projection of the momentum transfer, q, in the
ab plane was obtained by varying the incident angle on the sample. We use the 2 Fe unit
cell convention with a = b = 3.76 A˚ and c = 5.4 A˚ for the reciprocal space mapping. The
momentum transfer Q is defined in reciprocal lattice units (r.l.u.) as Q = Ha∗+Kb∗+Lc∗
where a∗ = 2pi/a, b∗ = 2pi/b, and c∗ = 2pi/c. All measurements were performed at 20 K
under a vacuum pressure of about 5× 10−10 mbar.
Spectra for the FeSe have been acquired in ∼ 30 minutes whereas spectra for the
FeSe/STO required 3 hours or more for every momentum point.
Calculations — We modeled the spin excitation spectrum of bulk and monolayer FeSe
using a two-orbital Hubbard model defined on a two-dimensional square lattice with N = L2
unit cells, where L is the linear size of the system. This model includes only the intraorbital
Hubbard repulsion U on each orbital, and it is identical to the one used in Ref. [25]. (Details
are also provided in the Supp. Inf. for completeness). Due to the orbital symmetry of the
Hamiltonian, and the restriction to only a local intra-orbital Hubbard interaction, one can
regard this model as a bilayer Hubbard model with layers α = 1, 2.25 The kinetic energy
term can then be diagonalized and rewritten in terms of a bonding kz = 0 and anti-bonding
kz = pi basis. As such, momentum transfers with qz = 0 and pi correspond to intra- and
interband excitations, respectively. Throughout, we use t = 1 as the unit of energy, set
U = 8t, and vary t⊥ and the filling n to control the electronic structure of the system.
We simulated the model using the dynamical cluster approximation (DCA) method34,
where the bulk lattice system is mapped onto a periodic finite-size cluster embedded in
a mean-field. The effective cluster problem was solved self-consistently by means of a
continuous-time auxiliary field (CTAUX) quantum Monte Carlo method35–37. The real fre-
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quency dynamical correlation functions shown here were obtained from QMC data using the
Maximum Entropy (MaxEnt) method38.
II. AUTHORS CONTRIBUTION
J. P., R. A., A. N., M. R., J. L., M. G.F., G. G, A. C. W.,K. Z. performed the RIXS
experiments. Q. S., T. Y, X. C., R. P., D. F. prepared the FeSe/STO thin films. Q. W. and
J. Z. grew FeSe single crystals. S. K., S. J. and T. A. M. performed the theory calculations.
J. P.,S. K., S. J., T. A. M., and R.C. wrote the manuscript with input from all the authors.
R. C. supervised the project.
III. ACKNOWLEDGEMENTS
We acknowledge John Tranquada, Rafael Fernandes, Connor Occhialini, and Andrey
Chubukov for enlightening discussions. We also thank Nick Brookes, Kurt Kummer, and Da-
vide Betto for initial tests on FeSe/STO. We thank Diamond Light Source for the allocation
of beamtime to proposal SP18883. J. P. acknowledges financial support by the Swiss Na-
tional Science Foundation Early Postdoc Mobility Fellowship Project No. P2FRP2 171824
and P400P2 180744. S. K., T. A. M., and S. J. are supported by the Scientific Discovery
through Advanced Computing (SciDAC) program funded by U.S. Department of Energy,
Office of Science, Advanced Scientific Computing Research and Basic Energy Sciences, Divi-
sion of Materials Sciences and Engineering. S. J. acknowledges additional support from the
Office of Naval Research under Grant No. N00014-18-1-2675. An award of computer time
was provided by the INCITE program. This research also used resources of the Oak Ridge
Leadership Computing Facility, which is a DOE Office of Science User Facility supported
under Contract DE-AC05-00OR22725. M. R. and G. G. were supported by the ERC-P-
ReXS project (2016-0790) of the Fondazione CARIPLO and Regione Lombardia, in Italy.
R.A. is supported by the Swedish Research Council (VR) under the Project 2017-00382.
R.C. acknowledges support from the Alfred P. Sloan Foundation.
10
IV. COMPETING INTERESTS
The authors declare no competing and financial interests.
V. DATA AVAILABILITY
Data that support the findings of this study are available upon reasonable request from
the corresponding authors.
VI. CORRESPONDENCE
Correspondence and requests for materials should be addressed to J. Pelliciari and R.
Comin.
11
∗ email: pelliciari@bnl.gov
† email: rcomin@mit.edu
1 Huang, D. & Hoffman, J. E. Monolayer FeSe on SrTiO3. Annual Review
of Condensed Matter Physics 8, 311–336 (2017). URL https://doi.org/10.1146/
annurev-conmatphys-031016-025242.
2 Lee, D.-H. Routes to High-Temperature Superconductivity: A Lesson from FeSe/SrTiO3. An-
nual Review of Condensed Matter Physics 9, 261–282 (2018). URL https://doi.org/10.
1146/annurev-conmatphys-033117-053942.
3 Wang, Q.-Y. et al. Interface-Induced High-Temperature Superconductivity in Single Unit-Cell
FeSe Films on SrTiO3. Chinese Physics Letters 29, 037402 (2012). URL https://doi.org/
10.1088%2F0256-307x%2F29%2F3%2F037402.
4 Peng, R. et al. Tuning the band structure and superconductivity in single-layer FeSe by in-
terface engineering. Nature Communications 5, 1–7 (2014). URL https://www.nature.com/
articles/ncomms6044. Number: 1 Publisher: Nature Publishing Group.
5 Ding, H. et al. High-Temperature Superconductivity in Single-Unit-Cell FeSe Films on Anatase
TiO 2 ( 001 ). Physical Review Letters 117, 067001 (2016). URL https://link.aps.org/doi/
10.1103/PhysRevLett.117.067001.
6 Chubukov, A. Pairing Mechanism in Fe-Based Superconductors. Annual Review
of Condensed Matter Physics 3, 57–92 (2012). URL http://dx.doi.org/10.1146/
annurev-conmatphys-020911-125055.
7 Chubukov, A. V. Itinerant electron scenario for Fe-based superconductors (2015). URL http:
//xxx.tau.ac.il/abs/1507.03856.
8 Chubukov, A. & Hirschfeld, P. J. Iron-based superconductors, seven years later. Physics Today
68, 46–52 (2015). URL http://scitation.aip.org/content/aip/magazine/physicstoday/
article/68/6/10.1063/PT.3.2818.
9 Linscheid, A., Maiti, S., Wang, Y., Johnston, S. & Hirschfeld, P. High T c via Spin Fluctuations
from Incipient Bands: Application to Monolayers and Intercalates of FeSe. Physical Review
Letters 117, 077003 (2016). URL https://link.aps.org/doi/10.1103/PhysRevLett.117.
077003.
12
10 Mishra, V., Scalapino, D. J. & Maier, T. A. s± pairing near a lifshitz transition. Scientific
Reports 6, 32078 (2016). URL https://www.nature.com/articles/srep32078.
11 Shigekawa, K. et al. Dichotomy of superconductivity between monolayer FeS and FeSe.
Proceedings of the National Academy of Sciences 116, 24470–24474 (2019). URL https:
//www.pnas.org/content/116/49/24470.
12 Dai, P. Antiferromagnetic order and spin dynamics in iron-based superconductors. Reviews of
Modern Physics 87, 855–896 (2015). URL http://link.aps.org/doi/10.1103/RevModPhys.
87.855.
13 Chen, T. et al. Anisotropic spin fluctuations in detwinned FeSe. Nature Materials 18, 709
(2019). URL https://www.nature.com/articles/s41563-019-0369-5.
14 Wang, Q. et al. Magnetic ground state of FeSe. Nature Communications 7, 12182 (2016). URL
http://www.nature.com/articles/ncomms12182.
15 Zhang, Y. et al. Superconducting Gap Anisotropy in Monolayer FeSe Thin Film. Physical
Review Letters 117, 117001 (2016). URL https://link.aps.org/doi/10.1103/PhysRevLett.
117.117001.
16 Zhou, K.-J. et al. Persistent high-energy spin excitations in iron-pnictide superconductors.
Nature Communications 4, 1470 (2013). URL http://www.nature.com/ncomms/journal/v4/
n2/full/ncomms2428.html.
17 Pelliciari, J. et al. Presence of magnetic excitations in SmFeAsO. Applied Physics Letters
109, 122601 (2016). URL http://scitation.aip.org/content/aip/journal/apl/109/12/
10.1063/1.4962966.
18 Pelliciari, J. et al. Intralayer doping effects on the high-energy magnetic correlations in NaFeAs.
Physical Review B 93, 134515 (2016). URL http://link.aps.org/doi/10.1103/PhysRevB.
93.134515.
19 Pelliciari, J. et al. Local and collective magnetism of
${\mathbf{EuFe}} {2}{\mathbf{As}} {2}$. Physical Review B 95, 115152 (2017). URL
https://link.aps.org/doi/10.1103/PhysRevB.95.115152.
20 Rahn, M. C. et al. Paramagnon dispersion in $\ensuremath{\beta}$-FeSe observed by Fe
$L$-edge resonant inelastic x-ray scattering. Physical Review B 99, 014505 (2019). URL
https://link.aps.org/doi/10.1103/PhysRevB.99.014505.
13
21 Pelliciari, J. et al. Reciprocity between local moments and collective magnetic excitations in
the phase diagram of bafe2(as1−xpx)2. Communications Physics 2, 139 (2019). URL http:
//www.nature.com/articles/s42005-019-0236-3.
22 Garcia, F. A. et al. Anisotropic magnetic excitations and incip-
ient N\’eel order in $\mathrm{Ba}{({\mathrm{Fe}} {1\ensuremath{-
}x}{\mathrm{Mn}} {x})} {2}{\mathrm{As}} {2}$. Physical Review B 99, 115118 (2019).
URL https://link.aps.org/doi/10.1103/PhysRevB.99.115118.
23 Ament, L. J. P., van Veenendaal, M., Devereaux, T. P., Hill, J. P. & van den Brink, J. Resonant
inelastic x-ray scattering studies of elementary excitations. Reviews of Modern Physics 83, 705–
767 (2011). URL http://link.aps.org/doi/10.1103/RevModPhys.83.705.
24 Dean, M. P. M. Insights into the high temperature superconducting cuprates from resonant
inelastic X-ray scattering. Journal of Magnetism and Magnetic Materials 376, 3–13 (2015).
URL http://www.sciencedirect.com/science/article/pii/S0304885314002868.
25 Maier, T. A. & Scalapino, D. J. Pair structure and the pairing interaction in a bilayer Hubbard
model for unconventional superconductivity. Physical Review B 84, 180513 (2011). URL https:
//link.aps.org/doi/10.1103/PhysRevB.84.180513.
26 Wang, M. et al. Doping dependence of spin excitations and its correlations with high-
temperature superconductivity in iron pnictides. Nature Communications 4 (2013). URL
http://www.nature.com/ncomms/2013/131204/ncomms3874/full/ncomms3874.html.
27 Luo, H. et al. Electron doping evolution of the anisotropic spin excitations in
BaFe${} {2\ensuremath{-}x}$Ni${} {x}$As${} {2}$. Physical Review B 86, 024508 (2012).
URL http://link.aps.org/doi/10.1103/PhysRevB.86.024508.
28 Luo, H. et al. Electron doping evolution of the magnetic excitations in
BaFe${} {2\ensuremath{-}x}$Ni${} {x}$As${} {2}$. Physical Review B 88, 144516
(2013). URL http://link.aps.org/doi/10.1103/PhysRevB.88.144516.
29 Hu, D. et al. Spin excitations in optimally P-doped
${\mathrm{BaFe}} {2}{({\mathrm{As}} {0.7}{\mathrm{P}} {0.3})} {2}$ superconductor.
Physical Review B 94, 094504 (2016). URL http://link.aps.org/doi/10.1103/PhysRevB.
94.094504.
30 Mandal, S., Zhang, P., Ismail-Beigi, S. & Haule, K. How Correlated is the FeSe / SrTiO 3
System? Physical Review Letters 119, 067004 (2017). URL http://link.aps.org/doi/10.
14
1103/PhysRevLett.119.067004.
31 Lee, J. J. et al. Interfacial mode coupling as the origin of the enhancement of Tc in FeSe films on
SrTiO3. Nature 515, 245–248 (2014). URL http://www.nature.com/articles/nature13894.
32 Zhang, C. et al. Ubiquitous strong electronphonon coupling at the interface of FeSe/SrTiO3. Na-
ture Communications 8, 14468 (2017). URL http://www.nature.com/articles/ncomms14468.
33 Tan, S. et al. Interface-induced superconductivity and strain-dependent spin density waves in
FeSe/SrTiO3 thin films. Nature Materials 12, 634–640 (2013). URL https://www.nature.
com/articles/nmat3654.
34 Maier, T., Jarrell, M., Pruschke, T. & Hettler, M. H. Quantum cluster theories. Reviews of Mod-
ern Physics 77, 1027–1080 (2005). URL https://link.aps.org/doi/10.1103/RevModPhys.
77.1027. Publisher: American Physical Society.
35 Hhner, U. R. et al. DCA++: A software framework to solve correlated electron problems with
modern quantum cluster methods. Computer Physics Communications 246, 106709 (2020).
URL http://www.sciencedirect.com/science/article/pii/S0010465519300086.
36 Gull, E., Werner, P., Parcollet, O. & Troyer, M. Continuous-time auxiliary-field Monte Carlo for
quantum impurity models. EPL (Europhysics Letters) 82, 57003 (2008). URL http://stacks.
iop.org/0295-5075/82/i=5/a=57003?key=crossref.a04bd39c153e80d2afe29b4a20da2527.
37 Gull, E. et al. Submatrix updates for the continuous-time auxiliary-field algorithm. Physical Re-
view B 83, 075122 (2011). URL https://link.aps.org/doi/10.1103/PhysRevB.83.075122.
38 Gubernatis, J. E., Jarrell, M., Silver, R. N. & Sivia, D. S. Quantum Monte Carlo simulations
and maximum entropy: Dynamics from imaginary-time data. Physical Review B 44, 6011–6029
(1991). URL https://link.aps.org/doi/10.1103/PhysRevB.44.6011.
15
MHole Pocket
Electron PocketΓ Γ
FeSe FeSe / SrTiO3a b
dc
Amorphous Se
X
c
a
Sr
Ti
O
Fe
Se
M
X
FIG. 1. Structure and Fermi surface of FeSe bulk and FeSe/STO. a: Structure of FeSe
bulk. b: Structure of FeSe/STO monolayer with Se capping. c,d: Schematic Fermi surface of FeSe
bulk (c) and FeSe/STO monolayer (d). The electron pocket of bulk FeSe has been drawn circular
and not elliptical for simplicity and for correspondence with the theoretical model adopted here.
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FIG. 2. XAS and RIXS spectra for FeSe bulk and Fe/STO. a,b: Fe L3-edge X-ray
absorption spectra for FeSe bulk (a) and FeSe/STO (b), measured via total electron yield. The
arrows mark the incident energy for the RIXS data displayed in c and d. c,d: High-energy
resolution RIXS spectra of FeSe bulk (c) and FeSe/STO (d) at different momentum points along
the high-symmetry direction (0, 0)→ (H, 0) [RIXS spectra along the (0, 0)→ (H,H) direction are
reported in the Supplementary Information].
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FIG. 3. Single-particle spectral function and dynamical spin susceptibility from DCA
calculations. a,b: Dynamical cluster approximation (DCA) calculations and spectral function
A(k, E) for the two-band Hubbard model (a) and the incipient band Hubbard model (b). c-
f : DCA calculations of the imaginary part of the spin susceptibility χ′′(q, ω) for the two-band
Hubbard model (c: intraband Qz = 0; e: interband Qz = pi) and the incipient band Hubbard
model (d: intraband Qz = 0; f : interband Qz = pi). Red circles (white diamonds) indicate
the energy position of the peak detected by RIXS in bulk (monolayer) FeSe. The uncertainties
associated with peak fitting are smaller than the markers.18
